Abstract: A high dielectric permittivity nanocomposite based on poly(vinylidene fluoride) (PVDF) and organically modified clay is reported. The present work aims to study the effect of clay on dielectric behavior of PVDF. The dielectric permittivity study shows a remarkable enhancement in the permittivity of nanocomposites in the low frequency region. The obtained permittivity values fits quite well to the prediction of dielectric permittivity from Vo-Shi model, which takes contribution of interface to permittivity into account. This enhanced permittivity in nanocomposites is attributed to the presence of interfacial polarization. The interface effect is further studied with cole-cole plot analysis. The dielectric loss study of pristine PVDF shows two relaxations associated with segmental (glass transition relaxation) and crystalline chain relaxation. However in the PVDF/Clay nanocomposites crystalline relaxation peak disappears which is attributed to the formation of the β phase in PVDF/clay nanocomposites.
Introduction
Electroactive polymers play an important role in many fields like micro-electronicmechanical systems (MEMs), gate dielectric material, embedded capacitor application and actuators. For such applications, a high electric energy storage density is necessary which can be achieved by increasing the dielectric permittivity of material [1] . Recently, polymer based nanocomposite materials with high dielectric permittivity were been explored as a potential candidate for such applications [2] [3] [4] . Attempts have been made in the past to improve the dielectric permittivity of the polymers by incorporating high dielectric permittivity inorganic materials such as lead zirconium titanate (PZT), barium titanate (BaTiO 3 ) etc. [5] [6] [7] . However, very high loadings up to 50% by volume were generally required to achieve desired enhancement in permittivity. Till date, nanofillers such as BaTiO 3 and multiwalled carbon nanotubes (MWCNT) are reported to result in improved dielectric permittivity without compromising the flexibility of the polymer [8, 9] . Earlier, work is reported on PVDF based polymer with CuPc oligomers and PVDF/PANI composites has shown that high dielectric constant can be achieved while retaining flexibility in polymer nanocomposites [10, 11] .
PVDF is a semicrystalline polymer with different polymorphism and is one of the most studied polymers because of its potential application as piezoelectric and pyroelectric materials. PVDF is known to crystallize in four different structures. However β phase has attracted more interest due to its technologically important applications. In our earlier study of PVDF/clay nanocomposites it was observed that presence of clay transforms the PVDF into β phase. Dielectric relaxation spectroscopy provides an excellent means to probe the dielectric behavior and structure of polymers and has been widely used to investigate the molecular relaxation mechanism in polymers (12) . In this context it is interesting to study the effect of clay on the dielectric relaxation behavior in PVDF/clay nanocomposites. Figure 1 shows XRD results of PVDF/Clay nanocomposites. The XRD pattern of PVDF shows peaks at 18.15º, 26.8º which are characteristics of α phase of PVDF. On the other hand, XRD pattern of nanocomposites exhibits a single peak at 20.3º corresponding to the (110) and (220) planes of β phase crystallization of PVDF in nanocomposites [13] . Thus, XRD analysis clearly reveals the presence of β phase PVDF in nanocomposites. . Figure 2 shows a comparative plot of frequency dependence of dielectric permittivity at 30 °C for PVDF/clay nanocomposites. The dielectric permittivity increases with increasing clay loading over the entire frequency range. For example, the dielectric permittivity at a frequency of 10 -02 Hz increased from 12 for pristine PVDF to about 165 for 10% clay content in the nanocomposites. This enormous increase of dielectric permittivity at low frequency is attributed to the addition of 20 A.
Result and discussion
The dielectric permittivity (ε″) curve presented in Figure 2 for PVDF shows two relaxations. The peak at 10 +07 Hz is related to the micro-Brownian cooperative motions of the main chain backbone and is dielectric manifestation of the glass transition temperature of PVDF, denoted as α a relaxation [14] .The relaxation peak at about 10 +00 Hz is denoted as α c relaxation and is associated with the molecular motions in crystalline region of PVDF [14, 5] . The presence of α c relaxation peak in PVDF is ascribed as the non-polar i.e. α phase of PVDF [15] . However, the crystalline relaxation peak completely disappears in PVDF/clay nanocomposites. It is well documented that absence of crystalline relaxation peak is attributed to the β phase crystallization of PVDF [16] . The absence of crystalline relaxation peak in PVDF/20A nanocomposites thus can be recognized as a dielectric manifestation for formation of β phase in PVDF. This result is supported by the XRD results of the PVDF/Clay nanocomposites (Fig.1.) and earlier results on PVDF/Clay nanocomposites [17] . Figure 3 compares the dielectric permittivity PVDF/clay nanocomposites as a function of clay loading at 0.01Hz. The dielectric permittivity of the composites can be predicted using logarithmic model based on effective medium theory [18] [19] [20] . According to the logarithmic model, effective dielectric permittivity of the composite can be calculated by using the following equation,
This model predicts that in the absence of interfacial polarization, the dielectric permittivity of composites (ε' composite ) is linearly proportional to volume fraction of filler (φ filler ) [21, 22] . The dielectric permittivity of clay pellet is measured over the frequency range and the value of dielectric permittivity at a frequency of 0.01 Hz is used for the calculations. As shown in Figure 2 , the calculated values of permittivity using the logarithmic model increased from 12 (for PVDF) to 20 (for 10 wt% of clay loading) in PVDF/clay nanocomposites. However, the experimental values of the dielectric permittivity in PVDF/clay nanocomposites are found to increase from 12 (for PVDF) to 165 (for 10 wt% of clay loading). This result indicates that PVDF/clay nanocomposites does not obey simple logarithmic relation and higher values of permittivity in nanocomposites could be attributed to the presence of interfacial interaction between PVDF/clay nanocomposites. In order to account for the contribution of the interface towards the permittivity of the nanocomposites, the data was further analyzed using a three phase model developed by Vo and Shi (23) . According to Vo and Shi model, the effective dielectric permittivity in nanocomposites can be given by following equation,
where, In above equation, parameters ε c , ε 1 , ε 2 , and ε 3 are the dielectric constants of the composite, particles, interphase and polymer matrix, respectively. The parameter a is the radius of the filler, b-a is the thickness of the interphase region and c is the radius of the equivalent composite. The solid line in Figure 3 represents the values calculated using the Vo and Shi model. In this model, they have systematically formulated a theory by considering the existence of interphase which takes the polymer filler interaction into account. As can be seen from the Figure 3 , experimentally obtained permittivity values of PVDF/clay nanocomposites are in good agreement with the values predicted by the Vo and Shi model where interface constant K of 55 and permittivity of the interface of 400 provided the best fit. The value of K represents a relative volume of the interphase region influenced by the surface area of the dispersed phase [19, 24] . The high value of interface constant suggests high surface area and presence of strong interfacial interactions between PVDF and clay.
The strong interfacial interactions could be due to the interfacial polarization originating from remarkable difference between the dielectric permittivity of clay and PVDF. This interfacial polarization contributes to the increased dielectric permittivity in PVDF/clay nanocomposites.
In polymer composites, both bulk and surface effects of charge carriers contribute to the dielectric permittivity [25, 26] . To distinguish bulk and interface effects the data was analyzed using Cole-Cole plots in impedance formalism as shown in Figure 4 . Two incomplete arches are observed above 70 ºC as can be seen from the Figure 4 . However, at lower temperature only one arch is evident in the frequency range of our measurements. The presence of two semicircles at high temperature corresponds to the charge transport within the bulk and interface (27) . Since this kind of behavior is not observed in pristine PVDF, it can be ascribed to the presence of active interface between polymer and clay layers. This corroborates the contention that the interfacial effects become more evident and contribute towards the charge transport in nanocomposites. 
Conclusions
In conclusion, the dielectric study of PVDF/clay nanocomposites exhibited composition dependent enhancement in permittivity. The absence of crystalline relaxation peak in permittivity″ curve for nanocomposites confirms the formation of β phase in PVDF/Clay nanocomposites. The X-ray diffraction study of PVDF/clay nanocomposites confirms the formation of β phase in the nanocomposites. The analysis of dielectric permittivity data using logarithmic model based on effective medium theory predicted permittivity values which were lower than the experimental values. However, the experimental values of permittivity could be well fitted to the Vo and Shi model indicating the presence of interfacial interaction between PVDF and clay. The complex impedance formalism analysis further supported the presence of interfacial effects. Thus the observed increase in the dielectric permittivity could be attributed to the presence of strong interfacial interaction.
Experimental Part

Materials and processing of nanocomposites
Polyvinylidene fluoride (PVDF) grade Solef 1008, supplied by Solvay (Belgium) was used for the present study. The organically modified bentonite clay sample used in the present study was Cloisite 20A. Nanocomposites of PVDF with 20A were prepared with 1.5, 3, 5, 7, and 10% of clay loading on twin-screw extruder. The films of polymer/clay nanocomposites for dielectric spectroscopy analysis were prepared by compression molding at a temperature of 200 o C using Carver press model F-15181.
Characterization -X-ray diffraction (XRD)
The structure of PVDF/Clay nanocomposite was investigated using Rigaku X-ray diffractometer with Cu K α1 (λ=0.154nm) radiation operated at 40kV and 150mA. The samples were scanned in the 2θ range of 10 to 60 degrees with scan rate at 4 degrees per minute.
-Dielectric spectroscopy measurement Broadband dielectric measurements of PVDF and PVDF/clay nanocomposites were carried out over nine decades of frequency (i.e.1 × 10 −2 -2 × 10 +07 Hz) at different constant temperatures using Novocontrol broadband dielectric spectrometer with ZGS active sample cell. The temperature sweep was carried out in the range of 30 °C to 150 °C by placing sample between two 20 mm gold plated electrodes. The sample temperature was stable within less than ±0.1 K. Quick drying silver paste is used to ensure good electrical contact.
